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The  following  pages  describe  the  results  of  work  funded  by  the  Air  Force 
Office  of  Scientific  Research  under  grant  number  AFOSR-85-0209G .  The  title 
of  this  program  is  "Mechanisms  of  Reacting  Etching,"  and  it  covers  the  period 
from  May  1,  1985  to  June  30,  1989.  Work  during  this  time  period  resulted  in 
the  publication  of  seven  papers  acknowledging  AFOSR  support,  with  one  more 
currently  in  press,  and  three  additional  manuscripts  in  preparation.  These 
papers  are  listed  in  Table  1.  Our  research  has  proceeded  along  four  lines 
during  the  funding  period.  These  are  described  individually  in  what  follows. 


A.  Interaction  of  COF?  with  Si(lll) . 

The  original  objective  of  our  work  was  to  develop  an  understanding  of  the 
mechanism  of  reactive  etching  of  silicon  surfaces.  In  order  to  address  this 
question,  studies  of  the  interaction  of  C0F2  with  the  Si(lll)  and  Si02 
surface  were  carried  out.  A  single  crystal  Si (111)  surface  was  cleaned  and 
characterized  by  LEED  and  Auger  electron  spectroscopy  in  an  ultra-high  vacuum 
surface  analysis  chamber.  The  sample  was  then  mounted  in  a  separate  UHV 
system  attached  to  a  quadrupole  mass  spectrometer  for  thermal  desorption 
studies.  The  sample  was  cleaned  according  to  the  procedure  established  by 


LEED/AES  studies,  and  then  exposed  to  C0F2 . 

Heating  initiated  reaction  of  the  adsorbed  C0F2  with  the  Si(lll),  and 
desorbed  product  species.  Significant  quantitites  of  SiF^  were  detected  in 


the  thermal  desorption  product,  indicating  that  C0F2  was  an  active  etchant  of 
the  Si(lll)  surface.  These  results  suggested  that  divalent  and  trivalent 
adsorption  sites  on  the  Si(lll)  (7x7)  surface  might  be  especially  active  for 
the  adsorption  and  dissociation  of  CO F2 ,  resulting  in  the  etching  of  the 
surface.  It  was  also  found  in  these  studies  that  Si02  surfaces  could  be 
etched  by  C0F2  when  the  C0F2  was  irradiated  with  IR  photons  from  a  C02 
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laser.  Infrared  multiphoton  absorption  by  the  COF2  probably  results  in  the 
cleavage  of  the  C-F  bond,  forming  F*  and  COF-  radicals.  Since  Si02  is 
relatively  inert  to  atomic  fluorine  etching,  the  observed  etching  reaction 
likely  proceeds  through  adsorption  of  the  COF-  radical  and  subsequent 
breaking  of  the  Si-0  bond.  Fluorination  of  the  Si  then  occurs  via 
decomposition  of  the  adsorbed  COF,  and  SiF4  eventually  is  desorbed  from  the 
surface.  This  work  is  described  in  paper  1  of  Table  1. 

B.  Inelastic  Scattering  of  N?  and  CH4  from  Fe(lll). 

In  order  to  carry  out  more  detailed  investigations  of  the  mechanism  of 
COF2  interacting  with  the  Si(lll)  surface,  construction  of  a  multiple  purpose 
molecular  beam  scattering  apparatus  was  initiated  early  in  the  grant  period. 
This  system  is  designed  to  probe  inelastic  and  reactive  interactions  of 
molecules  with  well-characterized  surfaces.  The  translational  energy  of  the 
incident  molecules  can  be  varied,  and  the  system  is  designed  so  that  state 
specific  excitation  of  the  incident  beam  molecules  is  possible.  Angular 
distributions  and  time  of  flight  measurements  on  the  scattered  molecules  can 
be  carried  out  as  well.  This  apparatus  has  been  charac :rri "ed  by  inelastic 
scattering  studies  of  N2  and  CH4  from  the  clean  Fe(lll)  surface  as  a  function 
of  incident  molecule  velocity.  This  work  is  described  in  detail  in  papers  8, 
9  and  10  of  Table  1. 

A  very  interesting  change  in  angular  distribution  of  scattered  N2 ,  from  a 
broad,  nearly  cosine  distribution  at  low  scattering  energies,  to  a  narrow, 
directed  distribution  at  higher  energies  has  been  observed  for  N2  scattering 
from  the  Fe(lll)  surface.  Calculational  modeling  of  the  N2/Fe(lll) 
scattering,  including  stochastic  trajectory  calculations  to  model  these 
distributions  have  been  carried  out  in  order  to  help  to  provide  an 
interpretation  of  this  unusual  change  in  scattering  behavior  with  velocity. 


It  is  possible  that  this  change  in  scattering  behavior  is  related  to  the 
energy  dependent  increase  in  the  dissociative  sticking  probability  of  N2  on 
the  Fe(lll)  surface  observed  by  Rettner  and  coworkers.2  The  experimental 
aspects  of  this  work  have  been  presented  at  the  Campobello  Island  conference 
on  surface  interactions  in  August  1989,  and  will  appear  as  part  of  the 
conference  proceedings  (Paper  8,  Table  1).  The  modelling  aspects  of  the  work 
and  a  more  detailed  description  of  the  experimental  results  are  currently 
being  prepared  (Paper  9,  Table  1). 

In  addition  to  detailed  studies  of  N2  scattering  from  the  Fe(lll) 
surface,  inelastic  scattering  of  CH4  from  this  surface  was  also 
investigated.  Angular  distributions  of  the  scattered  CH4  as  well  as 
time-of-flight  measurements  were  carried  out.  A  potential  for  the 
CH4/Fe(lll)  interaction  was  obtained  by  comparison  of  the  measured  angular 
and  TOF  distributions  with  modelling  calculations  as  in  the  N2/Fe(lll)  work. 
This  interaction  potential  includes  an  attractive  well  and  a  corrugation 
which  effectively  models  the  open  Fe(lll)  surface.  This  work  is  described  in 
detail  in  paper  10  of  Table  1. 

C.  N?  Van  der  Waals  Cluster  Scattering 

During  the  construction  of  the  general  purpose  molecular  beam  scattering 
apparatus  described  in  detail  in  paper  11  of  Table  1  studies  of  N2  Van  der 
Waals  clusters  interacting  with  solid  surfaces  were  carried  out.  The 
experimental  measurements3  were  carried  out  using  electron  beam  induced 
fluorescence  in  a  small  scattering  apparatus,  while  the  experimental 
apparatus  described  above  was  under  construction.  Angular  distributions  and 
the  rotational  energy  of  scattered  N2  cluster  fragments  resulting  from  the 
collision  of  N2  Van  der  Waals  clusters  with  well  characterized  silver  and 
iron  surfaces  were  measured.  The  measured  angular  distributions  are 


characterized  by  tangent- shifted  scattering  lobes,  which  are  essentially 
independent  of  angle  of  incidence,  cluster  incident  energy,  and  surface 
conditions.  The  rotational  energy  of  the  scattered  nitrogen  molecules  was 
found  to  be  greatest  at  detection  angles  normal  to  the  surface,  but  lower  in 
the  tangent-shifted  scattering  lobe. 

These  experimental  results  have  been  interpreted  by  reference  to  the 
results  of  stochastic  trajectory  calculations  for  Argon  clusters  scattering 
from  Pt(lll)  surfaces.4*5  This  model  system  was  chosen  since  the  energetics 
of  binding  in  the  Ar  clusters  are  similar  to  the  N2  cluster  situation,  and 
because  previous  work  on  the  Ar/Pt  interaction  has  provided  an  accurate 
interaction  potential.  Detailed  studies  of  the  trajectories  of  small  Ar 
clusters  colliding  with  the  Pt(lll)  surface  suggest  that  the  scattering 
dynamics  are  controlled  by  gas-surface  followed  by  gas-gas  binary  collision 
events.  These  collisions  result  in  the  tangent  peaked  scattering 
distributions  observed  experimentally.  These  studies  also  indicate  that  the 
trapping  fraction  increases  markedly  with  cluster  size,  and  that  trapped 
cluster  fragments  are  often  quite  mobile  on  the  surface.  Both  of  these 
observations  help  to  explain  the  high  quality  epitaxial  films  which  are 
observed  to  grow  under  cluster  beam  epitaxy  conditions.6 

Investigation  of  larger  cluster  scattering  dynamics  indicates  the 
pronounced  tangent  peaking  which  is  characteristic  of  cluster  break-up  upon 
collision  with  the  surface.  These  large  cluster  calculations  also  help  to 
rationalize  the  observed  rotational  energies  of  the  scattered  N2  fragments, 
with  molecules  scattered  normal  to  the  surface  leaving  from  the  upper  layer 
of  the  colliding  cluster,  experiencing  fewer  molecule -molecule  collisions 
which  would  rotationally  cool  the  scattered  molecules.  The  results  of  these 
experimental  and  theoretical  investigations  are  described  in  more  detail  in 


papers  3,  4,  and  6  of  Table  1. 

D.  Deposition  of  Metallic  Films  from  Organometallic  Precursors 

This  AFOSR  grant  has  also  supported  work  in  the  related  area  of 
electronic  materials  surface  chemisty  concerning  the  deposition  of  metallic 
overlayers  on  semiconductor  surfaces.  The  mechanism  of  thermal  and 
photo-assisted  deposition  of  molybdenum  on  silicon,  molybdenum,  and  copper 
surfaces  has  been  investigated.7  This  deposition  occurs  via  the 
decomposition  of  Mo(CO)6  on  the  surface.  Thermal  desorption  spectroscopy, 
x-ray  photoelectron  spectroscopy,  and  low  energy  electron  diffraction  were 
used  in  these  studies.  In  this  work  a  cleaned  and  characterized  Si(100) 
surface  at  110K  was  exposed  to  gas  phase  Mo(CO)6 .  The  surface  was  then 
heated  slowly  (lK/min)  while  recording  x-ray  photoelectron  spectra.  The  Mo 
3d  region  of  the  spectrum  shows  a  sharp  transition  at  around  165K  which 
indicates  the  initiation  of  decomposition  of  the  adsorbed  carbonyl.  On  the 
Si(100)  surface,  an  intermediate  unsaturated  Mo  carbonyl  species  is  observed, 
which  further  decomposes  to  leave  Mo  on  the  surface  in  the  presence  of  carbon 
and  oxygen.  If  the  adsorbed  Mo(CO)6  layer  is  UV  irradiated  with  light  from  a 
N2  la$er,  or  from  a  broad  band  mercury  lamp,  new  CO  desorption  peaks  appear 
in  the  thermal  desorption  of  the  layer,  as  well  as  significant  changes  in  the 
chemical  state  of  the  deposited  layer  as  indicated  by  the  x-ray  photoelectron 
spectra.  This  work  is  described  in  detail  in  papers  2  and  7  of  Table  1. 

Research  supported  by  AFOSR  grant  85-0209G,  "Mechanisms  of  Reactive 
Etching"  has  addressed  a  number  of  related  problems  in  electronic  materials 
surface  chemistry.  Construction  of  a  multiple  purpose  molecular  beam 
scattering  apparatus  has  been  completed  during  this  grant  period.  This 
instrument  is  capable  of  extracting  detailed  information  about  inelastic 


surface  scattering  and  about  the  mechanisms  and  dynamics  of  heterogeneous 
reactions.  It  has  been  used  to  investigate  the  interaction  of  N2  and  CH4 
with  the  Fe(lll)  surface.  In  addition,  studies  of  C0F2  interaction  with  the 
Si(lll)  surface  suggest  that  COF2  is  an  effective  thermal  and  photochemical 
etchant  of  the  silicon  surface.  N2  Van  der  Waals  cluster  scattering  studies 
carried  out  with  AFOSR  support  have  elucidated  the  dynamics  of  cluster 
break-up  on  collision  with  the  surface  and  have  indicated  mechanisms  for  the 
growth  of  high  quality  thin  films  from  cluster  beam  sources.  Deposition  of 
metallic  thin  films  from  organo-metallic  precursors  has  also  been 
investigated  during  the  support  period. 

Table  2  lists  professional  personnel  associated  with  this  research, 
including  degrees  awarded  and  thesis  titles.  Table  3  lists  the  invited 
seminars  and  papers  presented  by  the  principal  investigator  describing  work 
supported  by  this  grant. 
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ABSTRACT  OF  OBJECTIVES  AND  ACCOMPLISHMENTS 


The  objective  of  this  research  program  was  to  investigate  the  mechanisms 
of  the  reactive  etching  of  silicon  and  related  aspects  of  the  surface 
chemistry  of  electronic  materials.  Thermal  and  photochemical  etching  of 
Si (111)  and  Si02  surfaces  by  COF2  was  studied.  A  general  purpose  molecular 
beam  surface  scattering  apparatus  was  constructed  in  order  to  investigate  the 
mechanisms  and  dynamics  of  surface  reaction  processes. 

The  inelastic  scattering  of  N2  and  CH4  from  the  Fe(lll)  surface  was 
studied  using  this  instrument,  and  information  about  the  gas -surface 
interaction  potential  for  these  systems  extracted  by  comparison  of  the 
measurements  with  model  calculations.  The  scattering  of  N2  van  der  Waals 
clusters  from  solid  surfaces  was  also  investigated.  The  tangent  peaked 
angular  distributions  and  unusual  rotational  energy  distributions  of  the 
scattered  cluster  fragments  were  interpreted  by  reference  to  stochastic 
trajectory  calculations  used  to  model  the  interaction.  These  studies  have 
indicated  mechanisms  for  the  growth  of  high  quality  thin  films  from  cluster 
beam  sources . 

Deposition  of  metallic  thin  films  from  organometallic  precursors  was  also 
studied.  Differences  in  film  quality  and  composition  were  noted  depending  on 
whether  thermal,  electron  beam,  or  photochemical  methods  were  used  to 
initiate  the  deposition. 
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